To develop a homogenous, nonradioactive, antibody-free and universal assay for diverse families of methyltransferases and monitor the activity of these enzymes in a high-throughput format. Materials & methods: The assay conditions are optimized for monitoring the enzymatic activity of a broad range of methyltransferases regardless of the chemical structure or nature of the enzyme substrate in a low-and high-throughputformatted protocols. The assay detects S-adenosyll -homocysteine, the universal reaction products of all methyltransferases. Results: We demonstrate the utility of using this protocol to determine the activity of DNA, protein methyltransferases and also to determine kinetic parameters of several inhibitors using purified enzymes. The assay is sensitive (20-30 nM of S-adenosyll -homocysteine) and robust. Conclusion: The methyltransferase Glo is nonradioactive, antibody-free and homogenous, universal assay to determine enzyme activity of diverse families of methyltransferases. The assay is formatted to meet the requirements of high-throughput screening in drug discovery programs searching for modulators of methyltransferases.
Epigenetics is the branch of cell biology that addresses the effect of environmental changes on gene expression which results in a selective phenotype [1, 2] . It includes the study of molecular, cellular and environmental aspects of genetics, that is, any changes in the phenotypes that are independent of DNA sequences. Epigenetics therefore describes processes that alter chromatin structure without change in gene sequences [1, 2] . Chromatin modulation occurs via posttranscriptional modifications of chromatin proteins such as histones by phosphorylation, acetylation and methylation, etc. resulting in alteration of chromatin transcriptional activity [1, 3] . Thus, epigenetic disruptions play a pivotal role in tumor invasion, and progression for many different types of cancer [4, 5] . In addition to the alteration of transcriptional activity by phosphorylation of transcription factors, methylation also appears to play a prominent role in transcription by modulating chromatin and consequently, any changes in methyltransferase activities as well as alterations in methylation sites within chromatin appears to be implicated in several abnormalities in cell growth [3] .
It appears that methylation of cellular proteins and nucleic acids is extensive, and the enzymes catalyzing these reactions utilize wide range of substrates such as histones, nonhistone proteins, nucleic acids and small molecules [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] .
In a methyltransferase reaction S-adenosylmethionine (SAM) is used as a universal methyl donor to produce S-adenosylhomocysteine (SAH) as a universal product of the reaction, in addition to the methylated Upon completion of the methyltransferase reaction using any substrate/enzyme combination and the substrate SAM and generating the universal reaction product SAH, MTase-Glo Reagent is added to convert SAH to ADP. This is followed by the addition of MTase-Glo™ Detection Solution to convert ADP to ATP which is measured using a luciferase/luciferin reaction. The light generated is proportional to SAH present produced in the methyltransferase reaction. The luminescence signal is stable with a half-life greater than 4 h, and thus eliminating the need for injector equipped luminometers and allows for batch mode processing of multiple plates. ds: Double stranded; SAH: S-adenosyl-homocysteine; SAM: S-adenosyl-methionine. acceptor substrate. It is noteworthy that SAM is not only an intermediate metabolite in methionine catabolism but it is also a regulator of essential liver functions such as liver regeneration, differentiation and sensitivity to injury [16] . Furthermore, SAM concentration is important in the regulation of homocysteine which is a risk factor for cardiovascular diseases and patient treatment with SAM improved many diverse disorders of the central nervous system such as depression and great improvements in treatment of liver diseases [17] . Methylation of other substrates such as hormones, neurotransmitters and signal transduction systems control their regulatory roles, and methylation of phospholipids keeps the membrane fluid and maintain receptors mobility. The strong preference for SAM as a methyl donor over others such as folate is due to its favorable thermodynamics in methyltransferase reactions [18] .
Because of their involvement in diverse cellular processes such as chromatin modulation, cellular proliferation, differentiation and apoptosis, among others, methyltransferases are recognized as validated drug targets for several cellular pathologies such as cancer and inflammation [19] [20] [21] . Consequently, there is heightened interest in developing assays that monitor the activity of these enzymes to enable screening of large library of compounds in order to develop potential future drug candidates [22] [23] [24] . To address these needs, several strategies were developed to assay for the activity of these enzymes. These include radioactivity-based assay [25, 26] , fluorogenic substrates [27] , antibody-based fluorescent assay [28] , antibody-based chemiluminescent assay [29, 30] , luminescent assays [31] [32] [33] and mass spectroscopy (MS)-based assays [34] . These different approaches were discussed in a recent review [9] . All the assays above except MS-based assays are biochemical. In contrast to the above described assays which are biochemical, that is, monitoring the activity of purified enzymes, MS-based methods quantify changes in the methylation status of the substrate since many methyltransferases transfer more than one methyl group to selective lysine or arginine and the ability to measure the levels of each methylated species can provide valuable information. Furthermore, MS can determine the amount of unmethylated, monomethylated, dimethylated and trimethylated peptides present. These are the main limitation of the other biochemical methods. MS-based technologies however require specialized equipment and expertise, and they are limited to lowor medium-throughput screening but can be used for secondary screening [34] .
An ideal assay should meet the major requirements of drug research with minimal undesirable features if possible. The assay should be sensitive, amenable to high-throughput formats to provide the throughput and robustness [35] to ensure the reliability of the data generated from the assay, and it should not be subject to interference from fluorescent compounds as is the case with many fluorescent-based assays [27, 28] . Preferably, the assay should be antibody free to minimize changes in assay performance due to fluctuations in antibody quality, cross-reactivity or affinity as well as optimization of the amount of antibody required to capture the generated product. The assay should be nonradioactive to eliminate user safety concerns due to exposure to radioactivity as well as the related cost of disposing radioactive waste. Finally, the assay is best if it is showing the RLU generated at various SAH concentrations and S/B and S/N. The value S/N is calculated as the difference between the mean of the signal and the mean of the background divided by the standard deviation of the background. Limit of detection is 3×(S/N). Data were analyzed using Excel software and represented as mean ± standard error (n = 4). RLU: Relative luminescence unit; SAH: S-adenosyl-homocysteine; SAM: S-adenosyl-methionine; S/B: signal:background ratio; S/N: Signal-to-noise ratio.
homogenous and universal, that is, can be used with any enzyme-substrate combinations with no change in the assay format is needed whenever a new substrate needs to be tested. Here, we report on the development of a bioluminescent and homogenous methyltransferase assay that is robust and universal, and meets most if not all of the positive features described above. This assay is shown to be capable of monitoring the activity of diverse set of methyltransferases. Simplicity and convenience are two additional features of this assay and these are highly desirable for any research project. SAM: Cat# A7007 and SAH-Cat# A9384, and were purified using HPLC, both are available from Promega Cat# A120A (SAM) and Cat# A233A (SAH).
Materials & methods

Instrumentations
Methyltransferase-Glo assay general protocol
The MTase-Glo assay can be performed in two different ways. Two-step assay: in a 384-well plates, 4 μl of an SAH containing solution was added per well followed by the addition of 1 μl of 0.5% trifluoroacetic acid (TFA) to stop the reaction. After a brief mixing, 1 μl of 6X Methyltransferase-Glo Reagent was added, mixed well and incubated at 23°C for 30 min. Then, a 6 μl Methyltransferase-Glo Detection Solution was added and mixed well before incubating for another 30 min and recording luminescence using a luminometer. Onestep assay: in a 384-well plates, methyltransferase reaction is performed in the presence of Methyltransferase-Glo Reagent in 5 μl total volume for the required time to produce SAH and concomitantly convert it to ADP. Then, 5 μl Methyltransferase-Glo Detection Solution was added and mixed well before incubating for another 30 min and recording luminescence.
It is noteworthy to mention that the assay format is flexible, that is, volumes of the standards or SAH producing reactions as well as the reagent volumes can be maintained at the ratio of 4:1:5 (methylation reaction: Methyltransferase-Glo Reagent: Methyltransferase-Glo Detection Solution). Thus, for example, for (A) SAH and SAM were titrated in the presence of 10 μM H3 peptide and 1 ng EHMT2 G9a methyltransferase for 60 min at room temp. SAH and methyltransferase-generated SAH were detected by MTase-Glo and the SAM effect on the detection system was assessed. (B) Different concentrations of SAH were monitored in the presence of 1 μM or 10 μM of SAM using MTase-Glo assay to assess any background levels coming from SAM. To compare the level of SAH background generated from different sources of SAM, 1 μM SAH was detected in the absence or presence of 10 μM highly purified SAM or 10 μM SAM purchased from commercial sources. The data are reported as a luminescent signal generated in absolute RLUs (C) and signal to background ratio (D). The MTase-Glo assay was performed as described in 'Materials & methods' in low-volume 384-well solid white plates. Luminescence was measured using the Infinite ® M1000 PRO plate-reading luminometer (Tecan). Data were analyzed using Excel ® software and represented as mean (n = 4). RLU: Relative luminescence unit; SAH: S-adenosyl-homocysteine; SAM: S-adenosyl-methionine; S/B: Signal:background ratio. future science group A universal, bioluminescent & homogenous assay for methyltransferases Methodology 96-well format, we recommend using 8μl:2μl:10μl or multiples of these volumes. For a two-step assay: the ratio of 5:1:6 (Methylation reaction/TFA: Methyltransferase-Glo Reagent: Methyltransferase-Glo Detection Solution) is used.
SAH standard curve
SAH standard curve was prepared using protein methyltransferase buffer to assess the linearity of the assay and for enzyme titrations in order to calculate the amount of SAH produced from each enzyme concentration used. We ran two standard curves, one from 0 to 1 μM and the other from 0 to 10 μM to get information on the sensitivity of the assay as well as linear range of its usage. First, we prepare 1 μM and 10 μM SAH stock solutions and performed serial dilutions from each concentration of the standard in methyltransferase reaction buffer. Then, 4 μl of an
Figure 5. Comparison of one-step and two-step
MTase-Glo assay protocols using DOT1L methyltransferase reaction. DOT1L was diluted to the indicated concentrations with reaction buffer in a solid white low-volume 384-well plate in presence of 1 μM S-adenosyl-methionine and 50 μg/ml of mono/di-nucleosome and the one-, or two-step assays were performed as described in 'Materials & methods'. In one-step assay, enzyme reactions were carried out with MTase-Glo reagent included with DOT1L samples for 60 min reaction at 23°C, then followed with the addition of MTase-Glo detection solution. For two-step assay, enzyme reactions were performed at 23°C for 60 min, then trifluoroacetic acid was added to final concentration of 0.1% to stop enzyme reaction, then followed with MTase-Glo reagent followed by the addition of MTase-Glo detection solution. Both protocols were processed as described in the MTase-Glo assay under 'Materials & methods'. Luminescence was measured using the Infinite ® M1000 PRO plate-reading luminometer (Tecan). Data were analyzed using Excel ® software and represented as mean ± standard error (n = 4). Data were plotted using absolute RLU values (A) as well as Net RLUs after subtraction of background RLUs (B). It is apparent that there was no noticeable difference in the activity of the enzyme either using one-step or two-step protocol. RLU: Relative luminescence unit. SAH serial dilutions was transferred to a 384-well plates followed by addition of the detection reagents using the methyltransferase-Glo protocol described above.
Methyltransferase assay conditions
Generally, all methyltransferase reactions were performed in protein methyltransferase reaction buffer. All different classes of methyltransferase reactions were performed in 4 μl. PRMT5/MEP50, DOT1L and EHMT2-G9a reactions were performed at room temperature (23°C), DNMT3a, EZH1 and EZH2 complex reactions were performed at 37°C. PRMT5/MEP50 complex reaction contained 20 μM SAM and 20 μM H4-derived (1-20) peptide and incubated for 30min. EHMT2-G9a reactions contained 20 μM SAM and 20 μM H3-(1-25) peptide. DNMT3a reactions contained 10 μM SAM and 10 nM ds oligodeoxynucleotide: 5' A12-GAT CCG ACG ACG ACG CGC GCG CGA CGA CGA GAT C 3' CTA GGC TGC TGC TGC GCG CGC GCT GCT GCT CTA G-A12 DOT1L reaction contained 20 μM SAM and 0.5 μg HeLa Oligo nucleosome and incubated for 60 min. All reactions were incubated for 60 min at the temperature listed above. Upon completion of the methyltransferase reaction, 1 μl of a 0.5% TFA was added to terminate the reaction and the detection reagents were added and the Mmethyltransferase-Glo protocol described above was followed before recording luminescence.
Inhibitor study using methyltransferase-glo assay
To determine the IC 50 value of GSK126 inhibition of EZH2 complex, 10 μl reactions were assembled with 0.5 μg of EZH2 enzyme, and 0, 0.5, 1 or 5 μM SAM with 10 μM H3 protein as the substrate and a serial dilution of the inhibitor GSK126 in a solid white lowvolume 384-well plate and were incubated for 60 min at 30°C. For determining the inhibition mode of action of sinefungin on EHMT2-G9a, we used 2 ng of EHMT2-G9a per reaction with 50 μM histone 3 derived (1-25) peptide, with 2 μM or 10 μM SAM and the indicated concentrations of sinefungin in a solid white low-volume 384-well plate and incubated for 60minutes at 23°C. After incubation, MTase-Glo assay was performed as described in previous section 'Materials & methods'. The luminescence was recorded and IC 50 values were determined using Excel ® software and GraphPad Prism 6. Each data point represents the average of two replicates; the error bars represent the standard deviation.
Z'-factor determination
The Z' factor values were determined using two substrates (SAM and H3-(1-25) peptide) and with Enzyme was diluted to the indicated concentrations with reaction buffer in a solid white low-volume 384-well plate. The reaction was carried out using 1 μM S-adenosyl-methionine and 5 μM peptide (H3-1-25) (A) or using 5 μM full length histone H3 (B). All reactions were performed for 60 min at 23°C, and processed following the MTase-Glo assay as described under 'Materials & methods'. Luminescence was measured using the Infinite ® M1000 PRO platereading luminometer (Tecan). Data were analyzed using Excel ® software and represented as a mean (n = 4). RLU: Relative luminescence unit. A universal, bioluminescent & homogenous assay for methyltransferases Methodology enzyme (1 ng of EHMT2-G9a per well) or without enzyme using MTase-Glo assay. The experiment was performed with 192 replicates for both sets with and without EHMT2-G9a. Similar studies were carried out using the complete enzyme system with and without the inhibitor sinefungin (100 μM). MTase-Glo assay was carried out as described above and Z and Z' factors were calculated according to the formula described in the literature [35] .
Compound library screening
We have tested the assay for the likelihood of generating false hits that are pertinent to the inhibition by assay components. We tested the effect of a library of pharmacologically active compounds (LOPAC) that contains 1280 compounds on SAH detection by MTase-Glo at 10 μM final concentrations in 384-well plates in the presence of 1 μM SAH. As controls, buffer containing 1% DMSO was used in the absence or presence of SAH to calculate the 0 and 100% activity, respectively and to determine the% interference of the compounds with the assay.
Statistical analysis
Statistical analysis using either Excel software with determination of the mean ± standard deviation were used for the figures of SAH titration, SAM titration, etc. and for inhibitor studies to determine the IC 50 we used GraphPad Nonlinear regression (curve fit) using sigmoidal dose response (variable slope). For Km determination, we used GraphPad Nonlinear regression (curve fit) using one site binding (hyperbola).
Results
Methyltransferase-Glo assay principle
The homogenous and bioluminescent MTase-Glo assay is a generic assay, that is, monitor the enzyme activity of any methyltransferase regardless of its substrate acceptor in the presence of the universal methyl donor substrate SAM. Enzymes can be protein methyltransferases, DNA or RNA methyltransferases or small molecule methyltransferases. Also, the acceptor substrate can be small peptide, full length protein, protein complexes such as octameric histones, or nucleosomes, and oligoribonucleotides, oligodeoxynucleotides. In all these cases, the assay detects the universal product SAH which is converted into Adenosine using SAH hydrolase and the generated adenosine is converted to AMP and ADP using polyphosphate-AMP PAP and AdK. The generated ADP is converted into ATP which is monitored using luciferase/luciferin luminescent reaction. The amount of light produced is proportional to the SAH concentration in the sample and it is correlated with the activity of the methyltransferase To determine the assay sensitivity and linearity of light output in relation to enzyme activity we carried out titration of SAH, the universal enzyme reaction product using the methyltransferase Glo (MTase-Glo), and as the results show ( Figure 2 ), there is a linear response with increasing concentrations of SAH and the assay can detect as low as 20-30 nM of SAH, making it a very desirable assay for high-throughput studies. In order to confirm that the values we obtained using the luminescent SAH detection were reliable, we performed a com- parison with direct measurement of SAH using HPLC method, and we got similar results to those obtained by the luminescence method, as shown in Figure 3 . This supports the notion that the activity obtained using the MTase-Glo and HPLC are very similar.
High quality of the SAM substrate is important for enhanced assay sensitivity
In order to rule out any interference from the components of the methyltransferase reaction, we also show that the universal SAM substrate does not produce light unless methyltransferase enzyme and its other substrate are present in the reaction (absolute requirement for the methyltransferase) while the product SAH is converted into light output in the presence or absence of methyltransferase (methyltransferase independent) Figure 4A . This is very critical for obtaining low background and sensitive assay. In addition, we show that the SAM substrate used in the assay is free of SAH contamination as the light output signal and the linearity of the assay do not change when SAM at 1 or 10 μM is included with the detected SAH ( Figure 4B ), a point that is worth consideration when running a screen for methyltransferases. Most of the commercially available SAM substrates are contaminated with high level of SAH and thus increase the background and decrease the sensitivity of the assay. To address this issue, we carried out studies using our highly purified SAM and compared it with SAM purchased from commercially available sources. It is apparent that addition of purified SAM used in this new assay has minimal effect on luminescence reading of SAH indicating high purity of SAM since it is not directly detected by the assay unless it is converted to SAH by the enzyme. In contrast, SAM from other suppliers show high percentage of SAH contamination resulting in high background signal in the absence of enzyme (5-10-fold higher background than the SAM available from Promega ( Figure 4C & D) .
A simple assay protocol shortens assay time
An important question that we wanted to address during the development of this assay is whether it can be carried out in two-step or one-step where the methyltransferase reaction would be run simultaneously in the presence of the first MTase-Glo reagent and then the MTase-Glo detection solution will be added to generate light (one step) or alternatively terminate the methyltransferase reaction first using TFA before the addition of the MTase-Glo reagent followed by the addition of the MTase-Glo detection solution (two step). Toward this goal we carried out methyltransferase reactions using DOT1L enzyme either in one-, or two-step assay using mono/dinucleosome as substrate and SAM as co-substrate. As shown in Figure 5A , the total RLU generated using a one-step or two-step assays are similar indicating that the MTase-Glo reagent does not interfere with the methyltransferase reaction and can be included during the SAH production step. As a corollary, this experimental results demonstrate that there is no need to terminate the reaction with TFA if the assay is performed in one step as the MTase-Glo detection solution stops the reaction. Therefore, the MTase-Glo assay can be carried out in one-step sim- 
MTase-Glo is a universal methyltransferase activity detection assay
Having established that the assay can only detect the SAH product only when the enzyme used SAM as substrate, we then determined the activity of several classes of methyltransferases; these include lysine methyltransferases, arginine methyltransferases and DNA methyltransferases to ensure the universality of the assay. Furthermore to prove that the assay can be used with several substrates with varying chemical structures, we also tested the activity of these enzymes using small peptides, large histone proteins, core histones, nucleosomes and oligodeoxynucleotides.
We first tested EHMT2 (G9a) as a representative of the class of protein lysine methyltransferases using SAM as substrate and either the H3 peptide (1-25) or full length H3 protein. It is apparent from Figure 6 that the enzyme is capable of using both substrates but it prefers the peptide over full length H3 as substrate by about five-fold. It is also apparent that the assay is sensitive enough to detect the activity of as low as 1 ng or less of the enzyme.
We carried out further kinetic studies on G9a using MTase-Glo by varying the substrate concentrations of SAM and keeping the other substrate constant (peptide), and varying the peptide concentration but keeping SAM concentration constant. We were able to show that the enzyme activity increases with increasing SAM substrate concentration ( Figure 7A ), and also an increase in enzyme activity as indicated by increase in light output with increasing the peptide substrate concentrations ( Figure 7B) . The figures show a hyperbolic kinetic profile with a Km value of 0.87 μM and 0.86 μM for SAM and H3-(1-25) peptide substrate for G9a, respectively. These values are in accord with those published in the literature for this enzyme with these substrates and thus demonstrating that the assay is generating kinetic values that are reliable [25] .
Other lysine methyltransferases were also tested using peptides derived from histone proteins (H3 and H4), full length histone proteins and octameric form of histones. We used EZH1 and EZH2 as the enzymes for demonstration. As shown in Figure 8 , we were able to demonstrate that MTase-Glo can be used to monitor the activity of these enzymes at low concentrations, with variable preference for the substrates used. It is noteworthy that EZH1 and EZH2 prefer full length H3 as a substrate better than H3-derived peptide or core histone octamers.
Since nucleosomes are considered to be the native substrate in chromatins, we tested the assay performance using DOT1L as the enzyme and various forms of substrates using MTase Glo. As shown in Figure 9 , It is interesting to note that the enzyme prefers higher order protein structure as substrates such as core histones and oligonucleosomes. Earlier studies using binding and isothermal titration calorimetry assays showed that DOT1L has very high affinity toward nucleosomes as substrate (Kd = 14 nM) [36] . Thus, the assay can be used to monitor the activity of methyltransferases with any substrate that is used by the enzyme regardless of their structural complexity. It should be noted that the use of nucleosomes or full length histone proteins as substrate may increase slightly the background in our assay as observed in Figures 5, 6 , 8 & 9 since we use them as is when purchased. Therefore, a need for dialysis to remove any extraneous components that might cause the increase in background observed when there is no enzyme may be helpful. To show that the linearity of the enzyme activity is maintained, we plotted the net RLU after subtracting the background as shown in Figure 5B as an example.
Monitoring enzyme activity of protein arginine methyltransferases
Another important feature of this assay is its utility to monitor the activity of methyltransferases that methylate arginine residues in peptides and full length proteins. For this application we used protein arginine methyltransferase 1, 4 and 5 (PRMT1, 4 and 5) and full length histones or histone-derived peptides as substrates.
The results in Figure 10A & B show that the activity of these enzymes can be monitored using this assay with minimal amount of the enzymes used. Again, the assay can be used to monitor the activity of these arginine methyltransferases using full length protein substrates or peptides derived from these proteins.
Monitoring enzyme activity of DNA methyltransferases
To prove the universality of the assay in not only utilizing proteinacous substrates but also can be used to monitor the activity of enzymes that methylate nucleic acids. Toward this goal, we tested the assay using DNA . As shown in Figure 11 , the activity of these enzymes can be monitored using this assay and the amount of enzymes needed is relatively in the nanogram level making it ideal also for screening for enzyme modulators. It is noteworthy that the use of a negative control DNA such as DNA with no CG motifs or GC instead of CG motif is warranted to ensure the robustness of the assay.
Testing methyltransferase modulators
To demonstrate the use of the assay in detecting the activity of potential modulators of methyltransferases we applied it not only to a screening of a library of a small molecules, but also in determining the mechanism of action of inhibitors and generating kinetic values that are in accord with literature. We first carried out inhibitor titration using the previously reported EZH2 inhibitor GSK126 and show that this compound is a competitive inhibitor toward SAM substrate with IC 50 decreasing with decreasing SAM concentrations with IC 50 s of 3.26 nM and 6.68 nM obtained at 0.5 μM and 5 μM SAM concentrations, respectively ( Figure 12A ). The reported value for IC 50 of the compound is 0.5-3 nM [37, 38] , thus validating its use to study the mode of action of methyltransferase inhibitors. Similarly, we also demonstrated the inhibition and mode of action of the inhibitor sinefungin toward G9a using MTase-Glo detection. We have titrated the inhibitor in the presence of two different concentrations of SAM (2 and 10 μM). As shown in Figure 12B , the inhibitor inhibited the enzyme activity with IC 50 of 36 μM and that its enzyme inhibition was competed for by increasing SAM concentration where the IC 50 was 68.62 μM at 10 μM SAM. These IC 50 values are in accord with previously reported values [39] . It will be desirable to check the potency and selectivity of several inhibitors against the enzymes of interest to ensure the robustness of the data generated using this assay.
Testing assay robustness
The reproducibility of the assay is determined by the value Z' which is defined as follows:
Where σ is the SD, and μ is the mean. A value of Z' of over 0.5 indicates excellent and robust assay (see [35] for more details). We have generated three Z values to ensure the robustness of the assay, these include: titration of the product SAH alone (with and without SAM); complete enzyme reaction which include enzyme, SAM and substrate; and complete enzyme system (with and without inhibitor).
The first was carried out in sixteen 384-well plates, each containing wells with and without SAH alone. This means eight plates containing SAH and eight plates that do not have SAH, that is 3072 replicates for each treatment. A Z' value of 0.8 and CV 0f under 5% were obtained which attests to the robustness of the assay ( Figure 13A ).
The second was carried out using 384 wells to test for robustness of the system which also contains enzyme and SAM versus enzyme without SAM. The For determining the IC 50 value of GSK126 for EZH2 complex (A), reactions were assembled with 0.5 μg of EZH2 enzyme, 0.5, 1 or 5 μM SAM with 10 μM H3 protein and the indicated concentrations of GSK126. Reactions were incubated for 60 min at 30°C. For determining the IC 50 value of sinefungin toward EHMT2 -G9a (B) , reactions were assembled with 1 ng of EHMT2-G9a per reaction with 2 μM or 10 μM SAM, 50μM H3 (1-25) peptide and indicated concentrations of sinefungin. Reactions were incubated for 60 min at 23°C. Reactions were carried out in a solid white lowvolume 384-well plate and processed using MTase-Glo assay as described in 'Materials & methods'. Each data point represents the average of two replicates. Data analysis was performed using Excel ® software and GraphPad Prism 6.03. SAM: S-adenosyl-methionine.
future science group A universal, bioluminescent & homogenous assay for methyltransferases Methodology data generated from this experiment gave a Z' value of 0.84 ( Figure 13B ).
The third was carried out using complete enzyme system but with and without enzyme inhibitor using 192 wells and we obtained a Z' value of 0.71 ( Figure 13C ).
We conclude that the data generated attest to the high quality of the assay in not just being robust for obtaining reliable assay performance with and without enzyme, but also giving a great robustness and reliability for experiments carried out in the presence and absence of inhibitors. These results also ensures assay readiness for high-throughput screening (HTS) research.
Testing for compounds that may affect assay performance by generating false hits Finally, because this assay will be used for small molecule compounds screening, it is important to check its quality regarding the generation of false hits during a screening project using chemical libraries. Toward this goal we used a LOPAC which contains 1280 of clinically relevant compounds used at 10 μM final concentrations. The LOPAC has been routinely used by the HTS scientific community when developing a new assay to test for false hits that may be due to an interference of the library compounds with the assay components. Therefore, we followed a common practice that is well agreed to by many programs engaged in HTS research to test our assay against the library compounds in order to find out whether any of the compounds affect the assay format by generating false hits due to interference with assay performance. We realize that investigators who are searching for new enzyme modulators and potential therapeutic agent may have their own customized libraries that carry the desired scaffolds for the potential modulator. The results shown with LOPAC is just an example to show that the assay shows robustness with this library. Further testing will be done by the investigators using their own libraries.
As sown in Figure 14 , it is apparent that two compounds were found to inhibit the assay by about 40% (butaclamol and 6-Me-2-(phenylazo) 3-pyridinol and one inhibited by over 90% Ap4A. The compound Ap4A is known to be a potent luciferase inhibitor, and require retesting using the same assay but without the methyltransferase to identify those compounds that directly inhibit luciferase, or use an orthogonal assay. The other two compounds gave a positive response, that is, indicating activation and not inhibition. This was expected since these compounds were identified as adenosine or adenosine derivatives (adenosine and N6-methyladenosine), which gave 30-40% increase in signal. Thus a false hit ratio of less than 0.5% indicating not only a robust assay (Z' >0.8) but also lower false hits minimizing the effort for rescreening the hits generated in the primary screen using this assay. When testing different compounds effect on the assay, we always use DMSO as a vehicle up to 5%. This concentration has no effect on the Methyltransferase-Glo reagents (data not shown).
Discussion
Epigenomics research has witnessed an intense activity and strong interest in the last few decades and the clinical relevance of this research has resulted in the future science group A universal, bioluminescent & homogenous assay for methyltransferases Methodology US FDA approval of drugs targeting DNA methylation and histone deacetylation [1] . Most recently, the areas of protein methylation and demethylation have been actively pursued by both academic and pharmaceutical research. The success of such endeavor is predicated on the availability of robust assays to monitor the activity of these enzymes. Such assays need not only to be robust, but also homogenous and amenable to high-throughput format. A desirable feature of the current assay is its universality so that it can be used to monitor the activity of as many diverse methyltransferases with a variety of substrates varying in their chemical structure, such as peptides, proteins, nucleic acids, small molecules, etc.
To address all these needs, the homogenous MTase-Glo assay described here is based on luminescent readout and offers features such as low false hit generation that are known to occur when fluorescence-based assays are used and can reach in some cases as high as 60% [29] . In fact, a recent report using AlphaLISA method as a screening tool found similarly high false hits and used MTase Glo as an orthogonal assay to correct for those false hits [40] . Additional concern with those assays that can only use peptide substrates and not full length proteins, protein complexes or nucleosomes since they rely mainly on the use of antibodies and even with small peptides, the amount of antibody and beads required have to be optimized to get reliable signal. The assay we describe here is homogenous, a two-step add and read after completion of the methyltransferase reaction, and is sensitive enough so low amounts of enzyme is needed for an HTS campaign.
Our assay relies on the detection of the universal methyltransferase reaction product SAH by converting it to adenosine via the use of SAH hydrolase, the generated adenosine is then converted to AMP followed by the later conversion to ADP and then to ATP using sequential reactions in one step and then ATP is converted to light output using luciferase reaction. The signal generated is proportional to the amount of SAH generated from the methyltransferase reaction. Previously, Hemeon et al. [32] and Ibanez et al. [33] reported a methyltransferase assay where they used a different enzyme PPDK to convert AMP to ATP while ours uses the two sequential enzyme reactions using PAP and PK to ensure full conversion of AMP to ATP. Also, the luciferase used in those assays is recombinant firefly luciferase enzyme which generates unstable signal (flash signal) and not steady signal which is undesirable feature for batch processing in HTS programs. Others [31] used Adk to convert adenosine to AMP and monitoring the decrease in ATP concentration that is used as substrate for Adk to generate luminescence using Kinase Glo ® detection protocol from Promega which was designed for kinase assay based on ATP depletion by active kinases. Thus the generated signal is a decreasing signal (ATP depletion) which is less sensitive to small changes in methyltransferase activity and thus has lower sensitivity. Furthermore, in HTS programs, a positive signal is always preferred than a negative one due to enhanced sensitivity and enabling the assay to be performed with minimal depletion of substrate. Our assay gives positive signal by converting ADP to ATP and not depletion of ATP, thus providing very high sensitivity and an HTS ready format. Finally, compared with those luminescent assays listed above, our assay utilizes a genetically evolved firefly luciferase (UltraGlo luciferase) that acquired 70 mutations to ensure its robustness, thermal stability and resistance to false hit generation [41, 42] . Furthermore, this enzyme when used in our system generates a very stable signal with a half-life of over 2 h, ensuring a batch processing of screening plates that suits HTS scheduling format and in fact the data-generated always referred to as steady signal versus flash signal that is generated using other luciferases [41] .
We also demonstrate that the assay can use any enzyme substrate combination without any limitation future science group A universal, bioluminescent & homogenous assay for methyltransferases Methodology on the nature of the substrate or the need to modify it with fluorescent compounds or conjugation to biotin or other tags (see discussion below). The results presented here clearly demonstrate that these enzymes do not only use peptide substrates derived from histone proteins, but also can methylate full length histones in vitro and the assay can perfectly detect these activities. Furthermore, we also show that not only peptides, full length proteins, but also nucleosomes containing the octameric histones can be used. This feature makes it an ideal assay to screen for potential substrates that mimic the native environment in which chromatin can be used and is not limited to a set of peptides or proteins as substrates.
Because the assay does not rely on the use of antibodies, it does not suffer from any issue related to the quality of antibodies. This becomes a very critical factor when antibodies directed toward different methylation states of the substrate are used. When, substrates such as those nonmethylated, monomethylated, dimethylated and trimethylated lysine, symmetrically dimethylated and asymmetrically dimethylated arginine and monomethylated and nonmethylated arginines are used, cross reactivity of the antibodies can be of a concern. Furthermore, the assay can use high concentrations of any substrate, SAM or peptides, proteins or nucleosome, a feature that cannot be met when using assays such as AlphaLISA where peptide concentrations higher than 100 nM results in the HOOK effect in which readout drops dramatically when exceeding this concentration of peptide [29] . Similar concern arises when using fluorescence polarization-based assays and fluorescently labeled tracers where high concentrations of fluorescently labeled peptides diminish the polarization window resulting in a narrow signal window. This assay also does not have any lag phase that is observed with other assay, that is, the activity is commensurate with enzyme activity starting from time zero without accompanying lag phase [29] . Other assays such as EPIGEN Methyltransferase assay suffer from similar drawbacks such a fluorescence interference and the need to ensure high quality of antibodies as well as the need for antibody optimization depending on the activity of the enzyme and the amount of substrate used [28] . The fluorogenic methyltransferase assay which relies on the use of thiol reactive fluorogenic dye CPM [27] is intolerant to reducing agents such as DTT and β-mercaptoethanol which may be required for enzymatic activity. Furthermore, free cysteine residues of methyltransferases could react with the thiol reactive dye and increase the background. Besides, this assay which is based on measuring fluorescence at 469 nm is subject to fluorescence interference from many of the compounds during libraries screens since many of them are excited and emit within similar range of wavelengths [27] . Thus, this assay and similar fluorescent assays maybe useful for enzyme characterization but are not suitable for HTS.
The bioluminescent assay described here does not also rely on the use of radioactivity such as HotSpot format which is based on filter-binding capture of substrates [25] . Besides being radioactive which cause health hazards and costly with respect of waste disposal, the assay is limited to the use of low concentrations of peptide or protein depending on the binding capacity of the filter paper.
The assay as described is a biochemical assay that monitor the enzymatic activity of purified methyltransferases by using the universal substrate (SAM) and detecting the universal product (SAH) using luminescence-based detection system in a homogenous high-throughput format. Thus, it is ideal for enzymatic activity measurements of purified enzymes and for drug discovery programs that carry out screening campaigns using a large set of chemical libraries. The assay is not meant to be used with cell extracts since they contain ATP which will interfere with the readout of this method. Thus, one of the major weakness of this assay is that it cannot be used with cell extracts containing methyltransferases. To overcome this drawback, immunoprecipitation of the enzyme of interest can be done and the immunoprecipitate can be used to test for enzyme activity. Furthermore, the assay does not interrogate and identify methylation sites which can be done using Mass spectrometry or ChIP-based assays. The site specific methylation which is part of the proteomic analysis of the methylome can be identified using such techniques.
Finally, the assay main liability is its use of multiple enzymes which might results in few false hits depending on the composition of the chemical library. However, as alluded to earlier in the result section, we have only observed one compound that inhibited the luciferase significantly and two compounds that inhibited the assay by only 40% at 10 μM concentrations. The formulations of the assay make it robust to the interference from compounds that are similar to luciferin since we use high concentration of luciferin and we also used an Ultraglo ® luciferase enzyme that has been proven in many other luminescent assays to be resistant to diverse chemical compounds due to its unique sequence and buffer formulations [41, 42] . It is noteworthy that in drug discovery programs, it is always advisable to use orthogonal assays that are based on completely different principles to verify the correct calling of hits.
Conclusion
Methyltransferase-Glo is a homogenous and bioluminescent assay to monitor the activity of methyltransferases. It is not radioactive and is antibody free and future science group Methodology Hsiao, Zegzouti & Goueli thus does not incur issues related to safety and quality of the antibodies. Because of its universality, it can be used to detect the activity of diverse classes of methyltransferases and diverse classes of substrates (peptides, proteins, nucleic acids, nucleosomes, small molecules, etc.). It can detect methylation on lysine and arginine residues on proteins, and cytosine on nucleic acids. The assay is very sensitive and thus it requires small amounts of enzymes, a highly desirable feature for drug discovery research programs. The assay is easy to use and robust as shown by its high Z' and Z values of over 0.7, and by its low CV. Screening a library of pharmacologically active compounds resulted in very few false hits supporting its resistance to chemical interference and its utility in drug discovery programs searching for methyltransferases modulators.
Future Perspective
It is anticipated that epigenetics as a genaral research area will be of significant value in understanding cellular development, proliferation and transformation. Methylation of micro-and macro-molecules is at the forefront of epigenetics research in general and implications in disease processes in particular.
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